Aminoacyl-tRNA synthetases are subject to multiple modes ofregulation in Escherichia coli. The deprivation of an amino acid results in either a long-term or a transient increase in its cognate synthetase (16, 18, 19, 22, 28) . The levels of the synthetases are also a function of the cellular growth rate (20, 22, 24) . A third situation has been reported for lysyl-tRNA synthetase (10) . The activity of this enzyme can be influenced by the presence of alanine (9, 11, 13, 14) or leucine dipeptides, such as glycyl-L-leucine (3, 11, 13) , and by a mutation in an apparently unrelated gene, the structural gene for S-adenosylmethionine synthetase (10) .
We report here that lysyl-tRNA synthetase from cells grown in minimal medium appeared as two polypeptides, which differed in isoelectric point. Conditions that increased the activity of this synthetase promoted the synthesis of two new polypeptide species with higher apparent molecular weights but smilar isoelectric points.
The various forms appeared to exist in vivo (possibly encoded by more than one gene), indicating that lysyl-tRNA synthetase regulation is unusual.
(A preliminary report of this work has appeared previously [I. N. Hirshfield, P. L. Bloch, and F. C. Neidhardt 
MATERIALS AND METHODS
Bacterial strains. The E. coli strains used in this study are listed in Table 1 .
Media. In all experiments cells were grown in MOPS minimal medium (21) or rich medium (20) ; 0.4% (wt/vol) glucose was used as the carbon source. When glycyl-L-leucine was present in the medium, it was necessary to include isoleucine (0.3 to 0.4 mM) in order to prevent growth inhibition by the peptide (27) . Isoleucine was also present in the control culture. Supplements for strains IH2000 and IH2001 were lysine and threonine (0.4 mM), cysteine (0.2 mM), leucine (0.5 mM), and vitamin B1 (0.01 mM).
Bacterial growth. AR cultures were grown aerobically on a rotary shaker at 37 i 0.10C. The growth of the cells was monitored at 420 mm, and the cells were grown to an optical density of 1.0 (approximately 108 cells per ml). The growth of radioactive cultures was followed by monitoring parallel cultures of unlabeled cells.
S3ynthetase assay. Lysyl-tRNA synthetase activity was assayed in crude extracts as described by Hirshfield et al. (10, 14) . Protein was determined by the method of Lowry et al. (17) , using crystalline bovine serum albumin as a standard.
Determination of steady-state polypeptide levels. Steady-state cultures of the strains were grown in MOPS glucose minimal medium containing either prepared, two-dimensional gels were run, and entire protein spots were punched out to count total radioactivity.
The total radioactivity in each synthetase form was measured and expressed relative to the total radioactivity of protein chain elongation factor G. The calculation of a', the fraction of the total protein represented by each protein, was based on the assumption that under the conditions of growth of strain RG62 in glucose minimal medium, one EF-G molecule was present per 70S ribosome (7) and on the assumption that the fraction of total protein which was represented by the ribosomal proteins was 0.137 (5) . This gives an a' value for EF-G of 0.0166 (25) . We also assumed that the recovery of forms I through IV from the gels was equivalent to the recovery of EF-G (25 (0.25 pg), and electrophoresed on a 16% sodium dodecyl sulfate-polyacrylamide gel as described by Cleveland et al. (4) . Autoradiograms of the gels were developed by using the procedure of Bonner and Lanky (2) . RESULTS Forms of lysyl-tRNA synthetase observed on two-dimensional gels. Figure 1 shows an autoradiogram of an O'Farrell gel made from strain IH2000 wild-type cells grown on glucose minimal medium at 37°C. The spot directly above the Roman numeral I was originally identified (20) as lysyl-tRNA synthetase by its migration with a purified sample of this enzyme (13) . Immediately to the right of spot I is a fainter spot labeled m, which we will show is aLso lysyl-tRNA synthetase. No spots are visible in this autoradiogram at the locations marked by circles at II and IV. When this strain was grown in the presence of 20 mM L-almine (9, 12, 14) or 3 mM glycyl-L-leucine (3, 10) Fig. 2A . Mutant strain RG62 (metK), which has an elevated synthetase activity (10) , displayed all four spots, even when cultivated in unsupplemented minimal medium (Fig. 2B) . Wild-type strains cultivated at 46°C also displayed all four spots (data not shown).
Biochemical identfication of spots II through IV. Identification of spots II through IV as lysyl-tRNA synthetase species was confirmed by two biochemical tests First, enzyme was prepared from strain IH2000 (grown with 3 mM glycyl-ileucine) to 50% purity through a Biorex 70 fraction as described by Hirshfield et al. (13) and then was examined by using a twodimensional gel. All four synthetase forms were present (data not shown). A more extensive analysis of the putative lysyl-tRNA synthetase species was performed by peptide mapping each spot cut from a two-dimensional gel of strain 1E2000 grown with glycyl-L-leucine. These peptides were compared with peptides obtained from form I lysyl-tRNA synthetase. Figure 3 shows that forms I and IH had identical sets of bands. The bands of form m were lighter because less of this form was present. The peptides of form II were smilar to the peptides of form I, with two exceptions. Band A appeared to be deficient in form II compared with form I or III. This area of the gel was faint, but more of peptide A was visible in form HI than in form II, even though form 11 was present in a higher amount on the two-dimensional gel. The second exception (band B) was the extra band present in form II. Form IV migrated adjacent to an unknown spot on the O'Farrell gel and therefore was difficult to remove without contamination from the unknown protein. The peptide map of form IV showed many bands similar to the bands of the other forms, but also several new bands, which presumably were due to a contaminant.
The imilarity of the peptide maps of forms I and Im suggests that these two polypeptides may differ only by a modification. Despite their positional differences, forms I through III (and probably form IV) must have similar primary structures in order to yield peptide maps with so many bands in common.
Analysis of a lysyl-tRNA synthetase mutant. Strain IH2001 has only 5% of the lysyltRNA synthetase activity found in strain IH2000 (14) . An analysis of this mutant grown on unsupplemented minimal medium revealed that the forms visible in the wild-type strain under these (Fig. 4) they were similar to the levels in the parental strain grown in minimal medium, based on a visual inspection of the gela The relative increases in the spots in the mutant after growth with glycyl-L-leucine were measured in the usual way, by mixing a 3H-labeled reference culture (IH2001 in minimal medium) with a 14C-labeled experimental culture (H120 in medium containng glycyl-L-leucine) ( Table 3) .
Taken together, the results in Tables 2 and 3 indicate that total lysyl-tRNA synthetase activity was proportional to the molar sum of the activities ofall four species in the stains (IH2000 and RG62) with normal enzyme and that growth with the dipeptide or L-alanine brought about normalincreasesin form Illand IV in the mutant straim These results suggest the following simple description of the mutant phenotype and of the regulation of lysyl-tRNA synthetase formation. Forms I and III were active in the wildtype strain, but were largely inactive in the mutant (IH2001) as a result of the mutation that changed isoelectric points of these forms. Growth with glycyl-L-leucine or L-alanine induced another lysyl-tRNA synthetase (forms II and IV), which was responsible for the increased enzyme activity observed in all strains.
Origin of induced form II. We performed an experiment to determine whether the addition of glycyl-L-leucine induced de novo synthesis of form II or simply brought about a conversion of form I to form II. Cells of wild-type strain NC3 were grown in glucose minimal medium contining [14C]leucine. After a chase with nonradioactive leucine, the cells were washed and allowed to grow for 1 mass doubling in medium supplemented with glycyl-L-leucine. A parallel culture was treated identically, except that ['4C]leucine was present only during the cell mass doubling in the presence of glycyl-L-leucine. Therefore, these two cell populations had the same high content of both forms I and II, but gels prepared from them revealed that induction involved de novo synthesis of form 11; this form was derived neither from form I nor from any other preexisting protein in the cells.
DISCUSSION
In previous work it was discovered that diverse substances, such as alanine and glycyl-Lleucine, which are not substrates of lysyl-tRNA synthetase, enhance the cellular level of activity of this enzyme (3, 13, 14) . In addition, a metK mutation that reduces S-adenosylmethionine synthetase activity to very low levels (8) also increases the activity of lysyl-tRNA synthetase (10) . These effects are not additive; glycyl-Lleucine does not increase enzyme activity in a metK strain (10) . The present study shows that each of these conditions promotes the synthesis of two polypeptides that are expressed at only very low levels in wild-type E. coli cells growing in glucose minimal medium. The increased synthesis of these polypeptides (designated forns and IV) occurs without diminution of the levels of the two polypeptides (forms I and IH) found in normal cells growing in minimal medium. The same process takes place in both E. coli B strains and E. coli K-12 (data not shown).
We The induced species form II is not derived by degradation or processing of form I. The addition ofglycyl-L-leucine induces a 10-fold increase in the de novo synthesis of form (Table 4) . Furthermore, pulse-labeling a culture at 460C revealed that neither form I nor can be a precursor of the other (data not shown).
The existence of two genes for the same protein also has precedent; the products of the two genes for elongation factor Tu (15) differ by only one peptide (6 clear what common physiological signal might be generated by growth with i.-alanine or glycyl-L-leucine, growth with a deficiency in S-adenosylmethionine synthetase activity, and growth at a high temperature. The results at high temperature were obtained in a rich medium containing all amino acids, nucleotide bases, and vitamins, so a temperature-sensitive defect in methionine or isoleucine biosynthesis cannot be invoked to explain the observed induction at 46°C. Whatever the outcome of further analysis of this induction, it is clear that the regulation of lysyl-tRNA synthetase is unusual and that it must be studied by measuring individual polypeptides rather than enzyme activity in wholecell extracts.
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